Abstract: The effects of plasma polymerization on the tensile properties of Kevlar 49 fiber has been investigated. Gaseous ammonia was mixed with ethylene to deposit a thin cross linked film containing reactive functional groups on the fiber surface. Results suggest that the plasma conditions such as power input and mixing ratios could be manipulated to minimize the tensile property losses of the fiber.
Introduction
High strength, high modulus fibers such as glass, graphite and aramid (Kevlar'P') have lately become a material of choice in composites for various aerospace and structural applications. Their role as reinforcing elements in these composites relies not only on their high performance to weight ratios but also on their interfacial properties with the matrix. Kevlar fiber-reinforced composites are characterized by a relatively low fiber/matrix interfacial strength [1] . Improvements in interfacial bonding have been attempted by increasing the surface roughness of the fiber by chemical etching [2] , and by chemical modification, wherein functional groups have been grafted on the surface of Kevlar fibers by chemical and plasma treatments [3] [4] [5] [6] . While these treatments increase the fiber/matrix adhesion, they may be usually accompanied by a deterioration in the fiber topology and tensile properties. Degradation of the fiber mechanical properties would further affect several macroscopic properties of the composite. In general, flexural properties of the fiberreinforced composites depend primarily on the tensile, compressive and shear properties of the fibers whereas the transverse ballistic impact properties of composites are governed mainly by the fiber tensile modulus. The interlaminar fracture energy, fatigue and environmental resistance are strongly affected by the strength of the fiber as well as the fiber/matrix interface.
Amongst the many chemical treatments available for fiber surface modifications, plasma modification using ammonia and plasma polymerization by monomethylamine plasmas have been found to be relatively milder in terms of mechanical degradation [6, 7] . Plasma polymerization has shown considerable promise in the deposition of uniform, highly branched, cross linked, thin films on a substrate [8] . Plasma, a partially ionized gas composed of ions, electrons, free radicals and neutral species, is created by a glow discharge process, of which ultraviolet radiation is a major component [8] . Kevlar fibers are known to be susceptible to ultraviolet degradation and therefore special attention needs to be devoted towards the conditions of plasma used. The double bonds and aromatic rings in Kevlar show a strong absorption to ultraviolet radiation and therefore make the fiber susceptible to photodegradation [9] .
This study focuses on plasma modification of Kevlar 49 fiber using ethylene (polymer forming) and ammonia (non-polymer forming) gases in various mixing ratios. Effects of different power levels, flow rates, treatment time and mixing ratios on the mechanical properties of the fiber have been studied. These factors have been shown to control the plasma polymerization rate as well as the plasma polymer chemistry [8] .
Experimental
Plasma treatment:
Twenty five single fibers were extracted from a 380 denier, 267 filament Kevlar 49 yam, supplied on a spool by E.I. du Pont de Nemours & Co., Inc., and mounted on a specially designed glass frame. The fiber mounted frame was then inserted into the plasma chamber. The plasma was generated by a 13.56 MHz capacitively coupled discharge system made by Harrick Scientific Corporation. The reactor chamber was pumped down to a pressure of 50 m torr prior to the admission of a 50/50 % mixture of ethylene and ammonia through a gas proportioner. The total gas flow rates for ammonia and ethylene were maintained at 40 cc/min at an outlet pressure of 3 7 torr Power input levels of 44, 60, 77 and 96 watts were selected and the fibers were treated f~r 20~nutes. Effects of ammonia alone versus a 75/25 % mixture of ammonia/ethylene at 44 and 60 watts for a treatment time of 5 minutes were also studied. Samples were left in the plasma chamber for another 10 minutes after plasma treatment to allow the decay of any residual species before admittance of air, and then stored in a desiccator prior to tensile testing.
Tensile testing:
For tensile property measurements, each fiber, 100 nun long, was subdivided into two parts. One part was used for determining the cross-sectional area of the fiber, using the vibroscope method according to ASTM DI577-79. The other part of the fiber was used to measure the tensile load to failure. Tensile testing of both untreated and plasma treated fibers was carried out according to ASTM D 3379 test method, on an Instron Universal Testing Machine (model # 1122), interfaced with an ffiM-AT computer. A gauge length of 20 nun and a cross-head speed of 0.5 mrn/min was used. Changes in the fracture stress, fracture strain and modulus were measured for the different plasma conditions from each test
Results and Discussion
Ethylene has been found to be plasma polymerizable while ammonia is non-polymerizable. However, when mixed with ethylene, ammonia can get incorporated into the polyethylene film and provide reactive/polar sites on the fiber surface. Evidence of amine groups as well as of a branched polyethylene structure was confirmed by infra-red spectroscopy and ESCA, while the thickness of the plasma polymerized film was measured by ellipsometry, details of which have been reported elsewhere [10] . The deposition rate of a plasma polymerized film was found to be dependent on both the power level as well as the flow rate. Chain scissioning and cross-linking reactions, which occur as a result of UV radiation, compete with one another and also affect the deposition rates. Also, the intensity of UV radiation is higher at higher power levels. Some amount of chain scissioning reaction would therefore be expected to occur in Kevlar, which is prone to UV degradation. Figure 1 shows the effects of increasing power levels on the strength of Kevlar 49 fibers after plasma treatment by a 50/50 % mixture of ethylene/ammonia for 20 minutes at a flow rate of 40 cc/min. While these aromatic rings show a strong affinity for UV radiation, through conjugation and resonance stabilization, they increase the susceptibility of the amide (CO-NH) bond towards photodegradation [11] . Cleavage of the polymer chain generally occurs at the amide linkage, causing chain shortening and embrittlement [12] . This manifests itself in lower values of fracture strength and strain for the fiber. While the strength decreased only slightly up to power levels of 44 watts, a 30% reduction in strength was observed at higher power levels of 96 watts. Fracture strain values upon plasma treatment give a better indication of the progress of degradation. As was the case for fiber strength, there was a steep decrease of 25-30% in fracture strain at power inputs above 60 watts. Further, the stiffness (modulus) of Kevlar fiber is dependent on both the strength and rigidity of the polymer chain. Apart from reducing the average molecular weight of the fiber, chain scissioning due to UV radiation also splits the polymer chain into smaller lengths thus promoting slippage between chains. The decrease in modulus of the Kevlar fiber with increasing intensities of radiation is shown in Figure l .
Effects of ammonia alone versus a 75/25 % mixture of ammonia/ethylene were also explored for power levels of 44 and 60 watts only, since higher power levels were too severe for the fiber. While the fracture strengths of the plasma treated fibers for both cases were similar and followed the same trend as for the 50/50 % mixing ratio, the fracture strains of Kevlar fibers exposed to the ammonia plasma alone were lower than those for the 75/25 % mixture. Ammonia plasma, which is non-polymerizing, has a greater tendency to etch or ablate the fiber surface. This would make the fiber more brittle, hence reducing the strain to fracture. In contrast, the ammonia/ethylene mixture forms a uniform plasma polymerized film on the fiber surface thus serving as a protective barrier to any kind of ablation action. Figure 2 shows the effect of various mixing ratios on the fracture strain of Kevlar 49 fiber after 5 minutes of plasma treatment. 
Conclusions
The extent of degradation of the mechanical properties of Kev lar 49 fiber due to plasma polymerizing mixtures of ethylene and ammonia was investigated. The fiber tensile properties were found to be severely affected by power levels above 60 watts when a 50/50 % mixture of ethylene/ammonia was used at a flow rate of 40 co/min. The plasma polymerized film, once formed, serves as a protective barrier by dampening out further effects of UV radiation and etching of the fiber surface due to ammonia. As a result, the tensile properties of the fiber after 5 minutes of plasma treatment did not deteriorate any further upon increasing the treatment time to 20 minutes.
